Multimode silica step-index optical fibers are examined for use in planar laser-induced fluorescence (PLIF) for combustion diagnostics using ultraviolet (UV) laser sources. The multimode step-index fibers are characterized at UV wavelengths by examining their energy damage thresholds and solarization performance. The beam quality achievable with large clad step-index multimode fibers is also studied. Emphasis is placed on simultaneously achieving high output energy and beam quality (low output M 2 ). The use of multimode fibers to deliver UV pulses at 283 nm for PLIF measurements of OH radicals in a Hencken burner is demonstrated. The fiber delivery capability of UV light will benefit combustion diagnostics in hostile environments, such as augmentor and combustor rigs.
Introduction
Combustion diagnostics play a key role in studying spatially and temporally resolved velocities, as well as scalars such as temperature, and major and minor species concentrations, in combustors and augmentors [1] . Such information is needed, for example, to understand combustion instabilities arising from acoustic pressure oscillations related to the temporal and spatial characteristics of the flame in the peak heat release region. Strong oscillations can result in high cycle fatigue, hardware damage (e.g., liner), and problems related to high local heat transfer rates [2] . Information on spatial and temporal distribution of species such as hydroxyl radicals (OH) and nitric oxide (NO) can aid in understanding flame chemistry and intensity, and also location of peak heat release, as is critical for modeling the thermoacoustic oscillations [2] . Similarly, measurements of acetylene (C 2 H 2 ) and benzene (C 6 H 6 ), which are precursors to formation of polyaromatic hydrocarbons, are also desired to understand soot formation during combustion [3] . In contrast to absorption measurements, techniques such as planar laser-induced fluorescence (PLIF), coherent anti-Stokes Raman scattering (CARS), Raman scattering, and (filtered) Rayleigh scattering provide spatially resolved measurements. Our primary focus is on PLIF, which allows in situ combustion measurements of major and minor species concentrations, translational/rotational temperatures, and, in the case of nonequilibrium environments, vibrational distribution functions [4] . For example, PLIF spectroscopy utilizing UV wavelengths can allow detection of minor species, such as OH (at 283 nm), NO (at 226 nm), and C 2 H 2 (at 216 nm).
The aforementioned spatially resolved diagnostics tend to use high-power pulsed laser sources and are therefore largely limited to "open beam path" delivery, i.e., the laser beam is delivered from a laser source to the test rig via a series of mirrors and optics held freely in open air. However, open path delivery becomes particularly limiting for application in harsh and realistic combustion environments, such as augmentor and combustor rigs, where challenges include the need to position laser sources far from the rigs, beam misalignment due to mechanical vibrations and thermal expansion, and safety concerns. Furthermore, for PLIF studies of critical species like OH and NO, the needed laser wavelengths are in the UV, where fiber delivery is more challenging. There is, therefore, a need for improved capabilities for use of optical fibers to deliver high-power UV beams [5] [6] [7] [8] . Such fiber delivered configurations would greatly benefit applied combustion diagnostics especially for systems more characteristic of actual engine hardware. Signal collection can also employ fiber optics, though for the collection leg the optical powers are typically much lower while issues such as modal noise should be considered (e.g., [9] ).
The primary requirement for the optical fiber is to carry the energy (power) needed for implementations such as PLIF, meaning energies of ∼0.1-3 mJ for widely used Q-switched lasers having pulse durations of approximately 10 ns (∼0.01-0.3 MW of peak power) [10] [11] [12] . For example, Boxx et al. obtained kilohertz rate PLIF images of OH using energies as low as 0.1 mJ=pulse [12] . Even for large core multimode fibers (∼500 μm core), as we use in this work, the resulting intensities (within the fiber) are ∼5-150 MW=cm 2 , which is challenging from the point of view of silica damage by UV light [13] .
Other fiber prospects include photonic crystal fibers (PCFs), photonic bandgap fibers (PBGFs), and hollow-core fibers (HCFs), all of which have been used for high-power laser delivery at 1064 nm (e.g., [14] ). Commercially available PCFs for UV application are single mode but have core diameters of only (approximately) 10 μm, thus making it very difficult to deliver the needed UV pulse energies. PBGFs and HCFs have air (hollow) cores and can potentially deliver high pulse energies due to the higher breakdown threshold of air as compared to fiber silica. PBGFs are of particular interest but at this time they are not commercially available for UV operation. Transmission of UV light has been shown with HCFs [15] , but detailed optical studies should still be performed. Issues such as reliability, bending loss, and bending-induced beam quality degradation can be problematic [16, 17] . Owing to these limitations, the primary focus for this work is on solid-core step-index silica fibers.
In this contribution we present results of a characterization study of step-index multimode silica fibers at UV wavelengths and demonstration of PLIF OH measurements using such fibers. The layout of the remainder of the paper is as follows. Section 2 discusses the experimental setup for fiber characterization and PLIF measurements. In Section 3, we discuss the fiber characterization results related to beam quality and focusing with emphasis on the role of the launch numerical aperture (NA) and clad size. The impact of the output beam quality on achievable focal spot sizes and sheet dimensions is also addressed. In Section 4, we present results of short-term fiber damage and long-term solarization studies. Demonstrative PLIF measurements of a Hencken burner using UV fiber delivery are presented in Section 5. Finally, conclusions are presented in Section 6.
Experimental Setup
In this section we present the experimental setup used to characterize the multimode silica step-index fibers and the setup used for fiber-coupled PLIF imaging. The fiber characterization studies included measurements of short-term (catastrophic) damage thresholds, longer term (solarization) damage, and output beam quality (M 2 ) measurements. The PLIF studies comprised measurement of OH using a fiberdelivered UV beam (283 nm) on a Hencken burner.
A. Fiber Characterization Setup Figure 1 shows a schematic of the experimental setup used for the fiber characterization tests. Two different UV laser sources were used. Tests at 283 nm used an optical parametric oscillator (OPO) laser system (Continuum Sunlite) while tests at 266 nm employed the fourth-harmonic output of a Nd:YAG laser (Continuum 8000). Both sources had pulse durations of ∼10 ns. Prior to fiber launch, the beams were spatially filtered giving M 2 2.5 for the 266 nm source (M 2 8 in some cases), and M 2 12 for the 283 nm source (both of which are small relative to the fiber output M
2 ). The test fiber was held on a custom platform, which was mounted on a five-axis precision stage with three translational axes and two rotational axes. A low-power beam from a continuouswave helium neon (633 nm) laser (not shown in the figure) with high beam quality (M 2 1.05) was used to define the optical axis and aid in alignment. As will be further discussed in Section 4, the launch NA has major impact on the fiber output and most of our tests have used low NA launches, i.e., launch NA far below the fiber base NA (typically 0.22). For a given beam (i.e., fixed M 2 ), specifying the launch NA uniquely determines the focused beam waist, and so in order to set the desired beam size at the fiber input we move the fiber input face downstream of the beam waist. Typically, we set the beam diameter at the fiber input to be ∼75% of the fiber core diameter. (This beam diameter is reasonable both from the point of view of exciting the LP 01 mode at the fiber input [18] and illuminating a large input area to reduce damage onset.) A beam profiler apparatus (Spiricon CCD camera and LBA profiler) was used to measure the output beam diameter, which was measured after a collimating lens (not shown in Fig. 1 ). The optimal fiber input alignment (in terms of best output beam quality) was found by careful tuning of the five-axis mount such that the beam size after the collimating lens was minimized. A practical concern is the sensitivity of the fiber output beam quality to the exact fiber position and mounting-induced stress and we have used low-stress mounting (e.g., double-sided tape as opposed to connectors) and adjusted the fiber position accordingly. The need to optimize the fiber stress and position to achieve high beam quality should be further addressed, especially in the context of combustors and other rigs with limited access and high vibration.
For characterization of the output beam quality, we have measured the M 2 of the light exiting the fiber using the relationship
where w is the beam waist (assumed to occur at the fiber exit plane and taken as the fiber core radius), θ is the far-field divergence angle of light exiting the fiber (found by measuring the beam size at a known distance downstream of the exit), and λ is the wavelength of the light. This approach is sufficient for coarse estimation for large values of M 2 though past work has shown that it may be more appropriate to estimate w as ∼0.6 multiplied by the core radius [19] , which would yield somewhat lower M 2 values.
We initially tested several types of fibers, but owing to their superior UV performance the results we report are for FDP grade silica step-index fibers (Polymicro Technologies). In the fiber specification, FDP refers to fiber, deep UV enhanced, polyimide coating. These fibers are designed specifically for deep UV operation (λ < 280 nm) and have high OH content for increased resistance against UV solarization. The test fibers had lengths of 2 or 7 m with core/ clad dimensions of 400=440 μm and 600=660 μm. We also tested a 2.6 m long fiber with core diameter of 400 μm but with a 1400 μm thicker clad (custom made). During fiber characterization, the 2 m long fibers were held (approximately) straight, while the 7 m long fibers were coiled with a loop diameter of 36 cm. The fiber tips were cleaved and final polishing was done with 50 nm polishing paper. The high surface flatness of the input and output surfaces provides minimal wavefront distortion as well as high surface damage thresholds. The fiber end surfaces were also checked under a microscope to ensure that there were no scratches or pits.
For catastrophic damage tests we measured the fiber transmission using beam splitters and energy meters before and after the fiber. The energy was increased to a point where the fiber experienced shortterm (catastrophic) damage as evidenced by a sudden drop in fiber transmission. The tests were conducted for different launch conditions. The solarization studies employed input energies below the short-term damage limits and involved monitoring the transmission over extended durations (up to ∼200; 000 shots from the 10 Hz source). As discussed in Section 4, we have also done some damage tests using a high-repetition-rate pulse-burst laser.
B. Laser-Induced Fluorescence Setup
Fiber delivered OH PLIF measurements were performed in an adiabatic Hencken flat-flame burner [20] . The fuel was ethylene and air with nitrogen coflow. The (1,0) band of OH was pumped at ∼283 nm, followed by detection (primarily) of the (1,1) band, which peaks at ∼315 nm. The setup used for the fiber delivered OH PLIF is shown in Fig. 2 . The OH PLIF used 2 m and 7 m long FDP fibers with core/cladding of 600 μm=660 μm. The light source was a dye laser (Laser Analytical, LDL 20505) pumped by an Nd:YAG (Continuum Precision II) with linewidth of 0.25 cm −1 and pulse duration of approximately 20 ns. A spatial filter was used to improve the beam quality of the dye laser to M 2 8 and the available pulse energies (after the filter) were in the range of ∼0.1-3 mJ. The laser was tuned to the peak of the Q 1 7 line of OH at 283.222 nm. A telescope was used in combination with the launch lens to produce the desired launch conditions. A variable attenuator based on a half-wave plate and polarizer was used to adjust the fiber input energy. Again, a low-power He-Ne laser was used to aid fiber alignment. For the 2 m fiber, the sheet forming optics comprised a spherical lens (S) with f 100 mm, followed by a first cylindrical lens (C1) with f −500 mm to diverge the light in the vertical direction, and then a second cylindrical lens (C2) with f 500 mm to focus the light in the transverse direction. To accommodate the different fiber output from the 7 m fiber, the lens sequence was C1 with f −100 mm, then C2 with f 500 mm, then S with f 300 mm. An intensified CCD camera (Princeton Instruments) was used to record the PLIF images. The camera used a UV-100 lens with 46 mm focal length and f 2.8. These conditions provided a depth of field of ∼3 mm. The camera was gated for 100 ns duration with a gain setting of 255 (maximum). A glass filter (Schott, WG-305) was used to reduce background noise. In some cases we have also recorded laser induced fluorescence (LIF) excitation spectra in which case a 300 mm spherical lens was used to focus the fiber output to a point, and a prism was used to direct the light to a photomultiplier tube (Hamamatsu R-106).
Fiber Output Beam Quality and Focusing
The fiber output beam quality (M 2 ) has important consequences in laser-based combustion diagnostic applications. For planar imaging diagnostics, such as PLIF and planar (filtered) Rayleigh scattering, high output beam quality (i.e., output beams with low M 2 containing a small number of low-order modes) provides sheets that are thinner, and that have improved spatial uniformity (within a given sheet) and reduced shot-to-shot variation. For point diagnostics, such as CARS or point LIF, high output beam quality allows smaller focal spots and higher delivered intensities (high CARS signal levels). In practice, the fiber output beam quality is determined by the launch conditions (input NA, beam size, and M 2 ), fiber properties (dimensions, refractive index distribution, and nature of the core-clad interface), and fiber alignment and stresses. Subsections 3.A and 3.B examine effects of launch NA and clad size on the output beam quality, while Subsection 3.C examines achievable laser sheet thicknesses (and focal spot sizes).
A. Role of Numerical Aperture
The launch NA influences the modes that are excited within the fiber. For multimode fibers, the low-order modes propagate at lower angles (with respect to the fiber optical axis) [18, 21] , so one can expect that lower NA launches will excite fewer modes at the fiber input potentially providing improved output beam quality. Figure 3 shows the measured dependence of output beam M 2 on launch NA for 2 m length fibers with core diameters of 400 and 600 μm and 266 nm illumination (input M 2 8). The output M 2 is also a sensitive function of fiber alignment and stresses, which contribute to the observed scatter in the data. For the fiber with 400 μm core we obtain M 2 28 when using the lowest launch NA of 0.003, while the M 2 for both fibers increases roughly linearly with NA (over the range studied). This trend is in keeping with the modal propagation angles discussed above. As will be discussed in Section 4, there is some trade-off where the fiber damage energy decreases for the lower NA launches (particularly for 266 nm radiation). The dependence of output M 2 on input NA is quite similar when using 283 nm radiation, for example, we find M 2 54 for a 7 m long coiled 400=440 μm fiber when using launch NA 0.012. The output M 2 of the 400 μm fiber is lower than that of the 600 μm fiber as one would expect owing to the smaller ratio of core size to light wavelength. The beam quality results obtained here compare very favorably with other published values as is further discussed in Subsection 3.C.
B. Role of Fiber Clad
Past research with multimode fibers has shown that fibers with large clad dimension can provide improved output beam quality [19, 22, 23] . For fixed core size and NA (constant V parameter) the regular and large clad fibers can support the same number of modes; however, the reduced M 2 at the output of the large clad fibers is due to a smaller number of modes being excited and propagated along the fiber length. The number of modes at the fiber exit is determined by modal coupling and the reduced coupling in the large clad fiber is attributed to reduced effects of microbending (due to increased fiber rigidity and reduced curvature and imperfections at the core-clad interface). Note that, for fibers of several meter length, the exit modal distributions are still far from the steady state [24] that would be achieved in longer fibers. Here, we examine the effect of large clad fibers when used with UV light. Figure 4 shows output beam profiles for 283 nm light for 2 m fibers with two different clad dimensions but the same core size of 400 μm. The fiber on the left is a commercial FDP fiber with clad dimension of 440 μm, while the fiber on the right is custom made and has clad dimension of 1400 μm. The large clad fiber has superior output beam quality of M 2 30 while the smaller clad fiber has output M 2 42. In both cases, a low NA launch of 0.012 was used. The custom large clad fiber used in this test does not have favorable solarization and energy transmission for UV light, but the use of solarization-resistant large clad fibers should be further investigated in the future. Further, since these tests used a relatively poor launch beam quality (M 2 12), it is possible that further improvements in output beam quality could be obtained with a higher beam quality launch. The large clad increases the overall fiber diameter and therefore makes bending more difficult. Using a (proprietary) reliability calculator, one finds that silica fibers with diameter of 600, 1000, and 1400 μm can be bent to curvature radii of 15, 26, and 36 cm, respectively, without significantly increasing the chance of mechanical failure.
C. Impact of Beam Quality on Output Focusing and Sheet Formation
We have developed a simple model using qparameters, ABCD matrices, and embedded Gaussian beams for propagation of (real) multimode beams. Figure 5 shows an example of a modeled sheet for a fiber output with M 2 50 at 283 nm, a value similar to what we have measured. The sheet formation optics comprise a 10 cm collimating lens at the fiber output, followed by a −75 cm focal length cylindrical lens to diverge the sheet in the vertical direction, and a 25 cm focal length lens to focus the sheet in the transverse direction. In this case, over a viewing extent of larger than 2 cm along the beam, the sheet has a thickness of <700 μm (waist of <350 μm). The height of the sheet in the viewing area is greater than 2.5 cm. A sheet of this type is ∼3 times thicker than is typically used for PLIF with nonfiber beam delivery, but should be adequate for most quantitative PLIF experiments. Experimentally we have measured the thickness of the fiber delivered laser sheets and find values in rough agreement with the model. The PLIF results reported in the next section had sheet thickness of 1.1 mm when using a 2 m length fiber (output M 2 47), which is consistent with model predictions for the nonoptimum sheet forming optics that were used.
For a fixed far-field divergence angle (or fixed lens aperture), the PLIF sheet thickness and waist scale as M 2 . For experiments such as CARS, the beam intensity (for a single beam) scales with the focused area, i.e., as M 2 2 . These scaling dependences emphasize the need for low M 2 at the fiber exit. The present results show that the use of low NA launch along with careful fiber mounting allows output M 2 of approximately 50 (for fiber lengths of in the range of 2-7 m), which compares favorably to other published values. Recent work by Hsu et al. has reported output M 2 in the range of 150-200 for similar fiber lengths [8] , which would yield sheets roughly 3 times thicker than achievable with the fiber output results reported here. (An earlier publication gives higher values of M 2 in the range of 350-500 for similar conditions [25] .) The higher M 2 of Hsu et al. is likely due to use of a larger launch NA, and possibly also fiber mounting and stress, though it should be mentioned that Hsu et al. did also use tighter coiling compared to our work (Hsu et al. use bend radius of ∼10 cm, while we use bend radius of 36 cm for 7 m fibers and straight geometry for 2 m fibers). Of course, with poorer exit beam quality one can change the focusing optics, e.g., by using a stronger final focusing lens, to achieve a thinner sheet, but that would be at the expense of a corresponding decrease in Rayleigh range resulting in a smaller usable dimension in the axial direction. Hsu et al. also discuss the increased homogenization of the output profile as M 2 increases [8] but, while this may be useful in some applications, it does not circumvent the sheet thickness limitations.
Fiber Damage and Energy Limits
A. Short-Term Damage Limits Tables 1 and 2 provide the maximum input and delivered energies measured for FDP fibers with core diameters of 400 μm (440 μm cladding) and 600 μm (660 μm cladding). In these tests, the input energy was increased relatively quickly so that one could measure the maximum damage energy prior to onset of substantial solarization. The fiber damage always occurred within the fiber at a position between 3 and 10 mm downstream from the fiber input. Table 1 shows the short-term damage limits for 2 m long FDP fibers at 266 nm measured with launch NA 0.024. As can be seen from Fig. 3 , this condition provided relatively high beam quality for both fiber diameters. When compared against the results of Table 2 , one can see that the fibers damage at substantially lower energies for 266 nm light versus 283 nm. We attribute this difference to enhanced UV defect absorption, more specifically to E' centers referred to as nonbridging oxygen hole centers, i.e., unpaired electrons in oxygen dangling bonds, which have absorption centered at ∼265 nm [13, 26, 27] . Also, in comparison to 283 nm operation, we found that at 266 nm there was a stronger trade-off between damage energy and input NA (with higher input NA generally allowing higher damage threshold), such that we have used a higher input NA (0.024) for the 266 nm case in order to simultaneously achieve desired output beam quality and energy. Table 2 presents damage limits at 283 nm for the same FDP fibers for lengths of 2 m and 7 m. In this case we employed launch NA ≤ 0.012, which yielded output beam quality of M 2 < 60 in all cases. The reduction in transmission between the 2 m and 7 m fibers (from ∼56% to ∼23%) corresponds to a transmission loss of ∼16% per meter (and initial coupling loss ∼20%). For example, for a 600 μm core fiber length of 10 m, one would expect an overall transmission of ∼15% allowing output pulses of ∼0.25 mJ (overall transmission estimated as 0.80 × 0.84 10 ). We note that the achievable energies for the 600 μm core fiber are only ∼10%-20% higher than those for the 400 μm core fibers-the explanation as to why this ratio is not closer to the corresponding area ratio is not currently understood and is being investigated. We also tested the large clad 400 μm core fiber with 1400 μm cladding for damage at 283 nm. As mentioned above, these fibers were not very solarization-resistant and relatively low transmissions (∼20%) were observed for 2 m length fibers. As has been seen in other cases with optically induced UV fiber damage, a red fluorescent glow was observed for tens of centimeters along the fiber length [13, 26, 27] .
While our results regarding maximum deliverable energies may still be improved with further launch optimization, the 283 nm pulse energies of Table 2 compare favorably with the (limited) reports in the literature [7, 8, 25] . For example, we deliver 0.95 mJ through a 600 μm core fiber of length 2 m, while Kulatilaka et al. report delivery of 0.4 mJ through a 600 μm core fiber of length 1 m [7] ; Hsu et al. report delivery of 300-350 μJ pulse energies through a 400 μm core FDP fiber of length 6 m [8] , which is comparable to what we measure.
B. Short-Term Damage Limits with Pulse-Burst Laser
Recent research has focused on the development of high-speed (up to 1 MHz) PLIF imaging using socalled "pulse-burst" laser systems [28, 29] . For fiber delivery with such systems one must determine if the output pulses from the pulse-burst laser cause fiber damage more readily than the (temporally isolated) 10 Hz pulses studied above. To address this issue, we have done initial fiber damage tests using pulseburst output. These initial tests were done with 355 nm (third harmonic) output from the pulse-burst laser system described in [28] . For a 7 m long 600 μm core fiber, and a burst of ∼10 pulses with pulse spacing of 100 μs (10 kHz pulse burst) and individual pulse duration of 10 ns, we obtained output of 0.95 mJ=pulse; however, it should be emphasized that the fiber did not damage at this condition, rather we had reached the maximum laser energy available during the test. In comparison, similar tests with a 10 Hz laser also at 355 nm showed a maximum (damage) output level of 1.75 mJ. Therefore, with the 10 kHz pulse-burst pulses, we have achieved >50% of the damage energy (for an individual pulse within the burst) as compared to the damage limit for a temporally isolated pulse. If higher laser energy were available, it is likely that the damage limit for the pulse burst and individual pulses would be comparable.
C. Long-Term Damage and Solarization
We have conducted solarization and endurance tests of the Polymicro FDP fibers. Figure 6 shows a study of the fiber transmission for a 400 μm core FDP fiber of length 2 m using 283 nm laser source with 10 Hz repetition-rate over an extended number of laser shots. The input laser beam had M 2 12 with launch NA 0.012 and the input energy was set at roughly 60% of the damage energy. The left panel shows the fiber input and output energies while the right panel shows the corresponding fiber transmission. Over the 5-hour period of the test, with continuous 10 Hz operation (∼180; 000 laser shots), no drop in fiber transmission was observed. (The input laser energy drifted over this period, largely due to the frequency-doubling stage of the OPO.) We have conducted a similar test for a 600 μm core fiber and have found very analogous results. The results of Fig. 6 are promising for long-duration UV fiber operation as has also been observed in the literature [8] .
Demonstrative PLIF Experiments
Based on the characterizations, we have selected the 600 μm core FDP fiber for PLIF of OH radicals, though the 400 μm core fiber should provide comparable performance. The experimental setup was presented in Section 2 and shown in Fig. 2 . Figure 7 shows PLIF images from the Hencken flat-flame burner at equivalence ratio of unity for five conditions using fiber delivered light. Panels 7(a)-7(d) are for a 2 m length 600 μm core fiber. In this case the fiber output was M 2 47, yielding a sheet of thickness of 1.1 mm. Clearly, the image signal-to-noise improves with laser energy and averaging. The quality of the single-shot images is reasonable. Panel 7(e) shows a similar image but using a 7 m fiber coiled with 54 cm diameter. Figure 8 shows an LIF excitation scan that was performed to investigate spectral broadening induced by the fiber delivery. For high-power fiber delivery such broadening can occur owing to nonlinear processes in the fiber, such as self-phase modulation. Figure 8 shows spectra for three cases: no fiber, 2 m length fiber, and 7 m length fiber. The photomultiplier tube output was box-car averaged over 30 shots. Broadening for the 2 m fiber appears relatively small while broadening for the 7 m fiber is more substantial. It is possible that these results are also influenced by power broadening since a saturation study was not performed and the intensity of the LIF beam may have been too high in some cases. Nonetheless, the results of Fig. 8 show that spectral broadening, while present, is not too severe.
Further experiments will be needed to quantify the broadening in more detail. Owing to the large rotational constant for OH (∼18 cm −1 ), the ratio of the spectral spacing to spectral width for individual ro-vibrational transitions is relatively large, which has both positive and negative implications. On the one hand, the large spacing facilitates excitation of individual rotational transitions, even in the event of spectral broadening of the UV excitation beam. However, if the broadening is sufficiently large, the efficiency of optical excitation will likely be reduced, at least at atmospheric pressure (or lower pressure), due to inefficient spectral overlap on a targeted line. At higher pressures, of the order of several bar, this effect will be greatly mitigated due to pressure broadening of the spectral transitions (∼0.1 cm −1 =bar).
Conclusions
Research presented here has included fiber characterization studies (damage, beam quality, and pulse-burst) and demonstration of OH PLIF. We have shown fiber delivered UV pulse energies sufficient for PLIF combustion diagnostics using commercial fibers. We view that the most suitable fibers for such implementations are large core multimode silica step-index fibers of core size in the range of ∼400-600 μm. Larger cores can give higher energies but with more beam quality degradation. While higher transmitted energies may be possible with further optimization, the reported output energies compare favorably with those in the literature. In comparison to other research, our findings emphasize high output beam quality, as is needed for thin PLIF sheets and tight focusing, while maintaining relatively high output pulse energies. The use of fibers with large cladding should be further investigated for improved beam quality. We have shown that the use of a thick clad 400 μm core fiber reduces the output M 2 by a factor of 1.4 corresponding to smaller focal areas by a factor of 2. Initial endurance tests (5 h) of these FDP fibers have shown no noticeable degradation.
An attractive avenue for future research would be to implement the fiber delivered PLIF with highspeed lasers, for example at 10 kHz to MHz frame rates. Our preliminary investigations at 355 nm suggest similar damage behavior for pulse-burst and low repetition rate lasers; however, further testing, especially at the UV wavelengths of interest, is needed. A second attractive avenue for future research would be to perform fiber delivered PLIF with longer duration pulses (potentially also with pulse-burst lasers). The use of longer pulse durations, for example in the range of ∼100 ns-1 μs, would allow fiber transmission of substantially higher pulse energies [23] while still being fast enough to capture the fluid flow dynamics. It is anticipated that combining extended pulse durations with fiber delivery would allow fiber output energies of >1-3 mJ though limiting mechanisms, such as stimulated Brillouin scattering within the fiber, must be investigated. Such a system would, for the first time, open the door to high-speed and high signal-to-noise PLIF imaging in realistic and harsh combustion environments. Of course other diagnostics such as CARS could be developed from a similar platform.
